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Abstract 

Charged particle and 7-decays in 24 Mg* are investigated for excitation energies where quasimolec- 
ular resonances appear in 12 C+ 12 C collisions. Various theoretical predictions for the occurence of 
super deformed and hyper deformed bands associated with resonance structures with low spin are 
discussed within the measured 24 Mg* excitation energy region. The inverse kinematics reaction 
24 Mg+ 12 C is studied at E; ab ( 24 Mg) = 130 MeV, an energy which enables the population of 24 Mg 
states decaying into 12 C+ 12 C resonant break-up states. Exclusive data were collected with the 
Binary Reaction Spectrometer in coincidence with EUROBALL IV installed at the VIVITRON 
Tandem facility at Strasbourg. Specific structures with large deformation were selectively pop- 
ulated in binary reactions and their associated 7-decays studied. Coincident events associated 
with inelastic and a-transfer channels have been selected by choosing the excitation energy or the 
entry point via the two-body Q- values. The analysis of the binary reaction channels is presented 
with a particular emphasis on 24 Mg-7, 20 Ne~7 and 16 0-7 coincidences. New information (spin and 
branching ratios) is deduced on high-energy states in 24 Mg and 16 0, respectively. 

PACS numbers: 25.70.Jj, 25.70.Pq, 24.60.Dr; 25.70,+c 
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I. INTRODUCTION 



The observation of resonant structures in the excitation functions for various combina- 
tions of light a-cluster (N = Z) nuclei in the energy regime from the barrier up to regions 
with excitation energies of = 20-50 MeV remains a subject of contemporary debate 
These resonances have been interpreted for 12 C+ 12 C |2j, the most favorable case for the 
observation of quasimolecular resonances , in terms of nuclear molecules. The 

question whether the well known 12 C+ 12 C quasimolecular resonances represent true cluster 
states in the 24 Mg compound system, or whether they simply reflect scattering states in 
the ion-ion potential is still unresolved In many cases, these resonant struc- 

tures have been associated with strongly-deformed shapes and with clustering phenomena, 
predicted from the cranked a-cluster model [9|, the Nilsson-Strutinsky approach 



10 



Hi, 



Hartree-Fock calculations [12] or other mean-field calculations [13|. Of particular inter- 
est is the relationship between super deformation (SD) and nuclear molecules, since nuclear 
shapes with major-to-minor axis ratios of 2:1 have the typical ellipsoidal elongation (with 
quadrupole deformation parameter (3 2 ~ 0.6) for light nuclei [ll|. Furthermore, the structure 
of possible octupole-unstable 3:1 nuclear shapes (with do ~ 0.9) - hyperdeformation (HD) - 
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14 



15 



lq . Il7j ] in terms of clustering 



for actinide nuclei has also been widely discussed 
phenomena. 

Various decay branches of highly excited 24 Mg* resonant states from 12 C+ 12 C, including 
the emission of a-particles or heavier fragments, are energetically favored. However, 7-decays 
have not been observed so far, and the 7-ray branches are predicted to be rather small at 
these excitation energies. Some old experiments have been reported [18|, |19j, which have 
searched for these very small branching ratios expected to be in the range of 10~ 4 
of the total width 



10" 



21 



been investiugated 



22j, |23). Very recently the radiative capture reaction 12 C+ 12 C has 



20| | . The rotational bands, from the knowledge of the measured spins 



and excitation energies, can be extended to rather low angular momenta, where finally the 
7-decay becomes a larger part of the total decay width. The population of such states in a- 
cluster nuclei, which lie below the threshold for fission decays and for other particle decays, is 
favored in binary reactions, where at a fixed incident energy the compound nucleus is formed 
at an excitation energy governed by the two-body reaction kinematics. These states may 
be coupled to intrinsic states in 24 Mg* populated by a break-up process (via resonances) as 
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shown in Refs. 



24 



25 



26 



271 ] . The 24 Mg+ 12 C reaction has been extensively investigated by 



24 



26 



271 ] . Resonant 



several measurements of the 12 C( 24 Mg, 12 C 12 C) 12 C break-up channel 
breakups are found to occur from specific states in 24 Mg at excitation energies E x = 20- 
40 MeV (with spins ranging from J = 4ft to 14ft), which are linked to the ground state and 
also have an appreciable overlap with the 12 C+ 12 C quasimolecular configuration. Several 
attempts 



261 ] were made to link the 12 C+ 12 C barrier resonances [2jwith the break-up states. 



l2jl wit 



The underlying reaction mechanism is now fairly well established ^27] and many of the barrier 
resonances appear to be correlated, indicating that a common structure is involved. This 
correlation strongly supports the hypothesis of the link between barrier resonances [2J, |4| in 
12 C+ 12 C, and secondary minima in the Compound Cucleus (CN) 24 Mg 0, Q, 12]. 

Large quadrupole deformations (/% = 0.6-1.0) and a-clustering in light N = Z nuclei are 
known to be general phenomena at low excitation energy. For high angular momenta and 
higher excitation energies, very elongated shapes are expected to occur in a-like nuclei for 
Acn = 20-60. These predictions come from the generalized liquid-drop model, taking into 
account the proximity energy and quasi-molecular shapes 28j. In fact, highly deformed 
shapes and SD rotational bands have been recently discovered in several such N = Z nuclei, 
in particular, 36 Ar [29] and 40 Ca [3^] using 7-ray spectroscopy techniques. Hyperdeformed 



HD) bands in 36 Ar nucleus and its related ternary clusterizations are theoretica 



3l|. With the exception of the cluster decay of 60 Zn 32|, ]33j and 56 Ni 



34 



35, 



ly predicted 



361 ] recently 



studied usin g ch arged 



particle spectroscopy, no evidence for ternary breakup has yet been 



reported |13|, ]37J, ]38|, ]39|, |40|, |4l| in light nuclei; the particle decay of 36 Ar SD bands (and other 
highly excited bands) is still unexplored. The main binary reaction channels of the 24 Mg+ 12 C 



reaction, for which both quasimolecular structures [4j, |42|, 43] and orbiting phenomena 44] 
have been observed, is investigated in this work by using charged particle-7-ray coincidence 
techniques. 

The present paper is organized in the following way: Sec. II describes the experimental 
procedures and the data analysis. Sec. Ill presents the exclusive 24 Mg+ 12 C data (part of the 
experimental results presented here in detail have already been shortly reported elsewhere 



45|, 



461 ]) which are discussed in Sec. IV. We end with a summary of the main results and 



brief conclusions in Sec. V. 
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II. EXPERIMENTAL SET-UP 



The study of charged particle-7-ray coincidences in binary reactions in inverse kinematics 
is a unique tool in the search for extreme shapes related to clustering phenomena. In 
this paper, we investigate the 24 Mg+ 12 C reaction with high selectivity at a bombarding 



energy E; a t( Mg) = 130 MeV by using the Binary Reaction Spectrometer (BRS) [81. 1471. 



in coincidence with the EUROBALL IV (EB) 



VIVITRON Tandem facility of Strasbourg 
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7. 



48] 



49] 7-ray spectrometer installed at the 



45 



461 ] . The 24 Mg beam was produced 



and accelerated by the VIVITRON, negative MgH - ions were extracted from the ion source 
and then the MgH molecules were cracked at the stripping foils of the terminal accelerator. 
The beam intensity was kept constant at approximately 5 pnA. 

The targets consisted of 200 /xg/cm 2 thick foils of natural 12 C. The effects of heavy 
contaminants (mainly 63 Cu and smaller traces of W isotopes) have been estimated to be 
negligible. The presence of oxygen in the 12 C target was not significant (less than fa 1%). 
The choice of the 12 C( 24 Mg, 12 C) 24 Mg* reaction implies that for an incident beam energy of 
Fiiat, = 130 MeV an excitation energy range up to E* = 30 MeV in 24 Mg is covered 26(. 

The EUROBALL IV 7-ray spectrometer, as shown in Fig. 1, consisted of two rings of 
a total of 26 Clover- Ge-detectors each composed of four Ge crystals 50J located at angles 



around 90°, and 15 Cluster-Ge-detectors 



5l| each consisting of seven Ge crystals at backward 



angles. The inner BGO scintillator array was removed. 

The BRS, in conjunction with EB, gives access to a novel approach for the study of nuclei 
at large deformations as described below. 



A. Experimental set-up of the BRS 

The BRS associated with EB combines as essential elements two large-area (with a solid 
angle of 187 msr each) heavy-ion gas-detector telescopes in a kinematical coincidence setup 
at forward angles. A schematic lay-out of the actual experimental set-up of the BRS with 
EB is shown in Fig. 1. 

A photograph of one of the two BRS telescopes is shown in Fig. 2 (top) along with a 
two-dimensional spectrum (bottom) obtained with a mask during a 32 S+ 197 Au calibration 
run at 163.5 MeV (3^]. The BRS positions were calibrated using the elastic scattering data 
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FIG. 1: (Color online) Schematic drawing of the scattering chamber showing the BRS arrangement 
for fragment detection and the 7-ray detectors of EB. At forward angles the two BRS gas detector 
telescopes are depicted, as well as two rings of Clover-Ge-detectors at angles around 9 = 90° and 
Cluster-Ge-detectors at backward angles, respectively. 




along with the known positions of slits in the movable mask in front of the BRS telescope 1. 

The two BRS telescope arms are mounted symmetrically on either side of the beam axis, 
each covering the forward scattering angle range A9 = 12.5°-45.5°, i.e. 9 = 29° ± 16.5°. For 
this reason the 30 tapered Clover-Ge-detectors of EB were removed. 

Each BRS gas-detector telescope comprises two consecutive gas volumes containing a 
two-dimensional position sensitive low-pressure multi-wire chamber (MWC) and a Bragg- 
curve ionization chamber (BIC), respectively. All detection planes are four-fold segmented 
in order to improve the resolution and to increase the counting rate capability (10 5 events/s). 
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FIG. 2: (Color online) Photograph (top) showing the two sides of the mask in place, in front of 
one arm of the BRS telescope. The corresponding calibrated two-bidimensional position x versus 
y (in mm) spectrum (bottom) has been registered using a 210 /Ug/cm 2 197 Au target with the 163.5 
MeV 32 S beam. 




Position x [mm] 



The position and time reso 



200 ps, respectively 



47 



utions have been determined to be intrinsically » 0.5 mm and 



481 ] . In the MWCs, the in-plane and out-of-plane scattering angles 



and respectively, are derived from the position (x and y) measurements. As already 



shown in previous studies 



40. 



41] , the in-plane angular correlations of two fragments need co- 



incidence measurements for binary fission yields to be measured adequately. Unfortunately, 
the MWC of BRS telescope 2 could not provide us with a well functionning y-position 
signal (i.e. $2), which is an essential information to check kinematical conditions of the 
out-of-plane correlations of ternary fission fragments. In the BICs the Bragg-Peak height 
(BP), Range (R), and kinetic energy (E) are measured. Two-body Q- value spectra have 
been reconstructed using events for which both fragments are in well selected states. The 
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FIG. 3: (Color online) Two dimensional BP versus E spectrum, using fragment-fragment coin- 
cidences, measured in the 24 Mg(130 MeV)+ 12 C reaction with the BRS. For Z-identification, the 
Z=12 gate is highlighted to show how the 24 Mg events have been selected for the 7-ray spectrum 
displayed in Fig. 5. The three arrows indicate unambiguously the C, O and Ne fragments. Their 
corresponding end-point/punch-through energies, discussed in the text, can be clearly seen. 




Energy [MeV] 



reaction mechanism - projectile breakup or ternary fission - responsible for the population 
of particular states could be determined from two-body kinematics. The two heavy frag- 
ments are registered using a kinematic coincidence method and identified by their charges 
Z. The excellent elemental identification (Z) is illustrated by two-dimensional plots showing 
BP versus E. Fig. 3 displays a typical example of a two-dimensional BP vs E spectrum 
obtained for the 24 Mg+ 12 C reaction. Energy calibrations were done using the energy loss 
program SRIM-2003 52] (taking into account the window foils and gases) to calculate the 
end-point energies (punch-through) observed in the BP vs E plots. Energy spectra are given 
in Figs. 3 and 4 with absolute energy scales. The spectrum of Fig. 3 shows the excellent Z 
discrimination (the fragments with Z = 6, 8 and 10 are indicated with respective arrows) 
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achieved with the BICs. It can be observed that, due to Q- value effects, the a-like 12 C, 
16 0, 20 Ne, 24 Mg and 28 Si nuclei are preferentially populated compared to the odd Z nuclei. 
This strong odd-even effect is a characteristic behavior of structure phenomena in 12 C+ 24 Mg 
orbiting [44j that may still survive at Ei a t> = 130 MeV. The gas pressure has been optimized 
to stop ions with Z larger than 9 (ejectiles with lower Z's are not stopped in the BICs as 
shown by their characteristic end point/punch-through in Fig. 3). 

The Z=12 gate of Fig. 3 has been used to select the 7-ray spectrum measured in co- 
incidence with 24 Mg nucleus (see Fig. 5). Other well-defined Z gates can be used for the 
processing of the 7-ray spectra in coincidence with the 12 C, 16 0, 20 Ne and 28 Si nuclei of 
interest. Although mass identification has not been available in this experiment - i.e. the 
performance of the VIVITRON pulsing system was not better than 2ns (FWHM) -, the good 
energy resolution along with Z-identification allowed the different reaction mechanisms to 
be clearly discriminated. 

Fig. 4 illustrates a typical example of a two-dimensional angle versus energy spectrum 
for the 16 O+ 20 Ne exit-channel. The six regions (a-f) labelled [I] to [VI] have been defined 
as a function of the inelasticity of the reaction channel from the ground-state Q-value E* = 
to full damping with E* larger than 15 MeV. This a-transfer channel will be discussed in 
Sec. III.B. It should be noticed that the two lines around 21° and 29° correspond to shadows 
produced by the supports to Mylar entrance windows of the MWC of the BRS telescope 
1. The dashed line corresponds to the high-energy cutoff due to the geometrical bias of the 



kinematical coincidences. More detai 
BRS are given in Refs 



45 



46 



42, 



s of the detectors and the experimental set-up of the 



B. Experimental set-up of EUROBALL IV 

The excellent channel selection capability of binary and/or ternary fragments (see for 
instance the two-dimensional angle versus energy spectrum plotted in Fig. 4 for the a 



transfer channel) allows clear discrimination between the reaction channels, so that EB [49] 
is used mostly with one- or two-fold multiplicities, for which the total 7-ray efficiency is 
very high. The removal of the conventional 30 tapered Clover-Ge-detectors of EB from the 
forward angles had only a very small impact on reducing the overall EB efficiency (less than 
13% of the total 7-ray efficiency). Although no specific measurements were done during two 
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FIG. 4: (Color online) Two-dimensional angle versus energy spectrum, using fragment-fragment 
coincidences, measured for the 16 O+ 20 Ne exit-channel. The relative intensity is shown on the side 
bar. The dashed red line corresponds to the high-energy cutoff due to the geometrical bias of the 
kinematical coincidences. The regions labelled (a) to (f) are defined in detail in the text. They 
correspond to the following excitation energies ranges E* = 0-3 MeV (a), 3-6 MeV (b), 6-10 MeV 
(c), 10-14 MeV (d), and 14-19 MeV (e), and finally region [VI] is defined for E* larger than 19 
MeV (f). 




40 50 60 70 80 90 

Energy [MeV] 
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FIG. 5: Doppler corrected 7-ray spectrum for Mg, using fragment-7 coincidences, measured with 
the BRS/EB detection system of Fig. 1. The 24 Mg nuclei were selected with the Z=12 gate marked 
in Fig. 3. The full details of the identified 7-ray transitions are given in Table I. 
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Energy [keV] 



BRS campaigns, the absolute total 7-ray efficiency has been estimated to be approximately 
8.5% for the present EB experiment. 

In binary exit-channels, the exclusive detection of both ejectiles allows precise Q-value 
determination and Z-resolution, as shown in Figs. 5 and 6 for 24 Mg+ 12 C inelastic scattering 
channel, and the 16 O+ 20 Ne a-transfer channel, respectively. The 7 rays were Doppler-shift 
corrected for the velocity of the identified outgoing binary fragments. The Doppler-shift 
corrections yield an energy resolution better than 40-59 keV (FWHM) for 3-4 MeV 7 rays 
( ~ 1.3 % in average). The 7-ray spectra of Figs. 5 and 6 will be discussed in detail in the 
next section. 
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FIG. 6: Gated 7-ray spectra, using fragment-fragment-7-ray coincidences, measured for the 
16 O+ 20 Ne exit-channel. Doppler-shift corrections were applied for the velocity of the detected 
20 Ne. The six excitation energy gates labelled (a) to (f) in Fig. 4 (corresponding to excitation 
energies ranges E* « 0-3 MeV (a), 3-6 MeV (b), 6-10 MeV (c), 10-14 MeV (d), and 14-19 MeV 
(e), and finally the last gate (f) is applied for E* larger than 19 MeV) have been used as triggers 
to the six 7-ray spectra. The main 7-ray transitions in 20 Ne are labelled. 
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III. EXPERIMENTAL RESULTS 



The inverse kinematics of the 24 Mg+ 12 C reaction and the negative Q- values give ideal 
conditions for triggering on the BRS, because the angular range is optimum for 9^ = 12°- 
40° in the lab-system (with the range of 9i a b = 12°-25° for the recoils), and because the solid 
angle transformation favors the detection efficiency of the heavy fragments. Thus we have 
been able to cover a large part of the angular distribution of the binary process with good 
efficiency In binary exit-channels, the exclusive detection of both ejectiles with precise Z 
discrimination allows excellent Doppler-shift corrections. 



A. M Mg+ L2 C exit channel 

Fig. 5 shows the Doppler-shift corrected 7-ray spectrum for Mg events in coincidence 
with the Z=12 gate , defined in the BP vs E spectrum of Fig. 3. Most of the known transitions 



of 24 Mg [53j, [54j, [55j, [56j, [57J, [58|, |59j can be identified in the energy range depicted in the figure 
and their properties are given in Table I. Weaker transitions in 23 Mg and 25 Mg (not marked 
in Fig. 5), also selected by the Z=12 gate, correspond to one-neutron transfer processes. 
The excitation of the 2 + , 1808.7 keV state of 26 Mg arises either from a 2-neutron-transfer 
process or from a fusion-evaporation mechanism. These transitions are not reported in Table 
I. However, we note, in particular, a doublet visible in Fig. 5 near 1600 KeV which is due to 
the 25 Mg 7/2+ -> 3/2+ and 23 Mg 7/2+ -> 5/2+ transitions. The broad bump at 3.40 MeV 
corresponds to the 9/2 + — > 5/2 + 7-ray transition. 

The two most prominent 24 Mg lines correspond, as expected, to the 24 Mg transitions 2f 
-> Of with E 7 = 1369 keV (100% relative intensity) and Af 2f with E 7 = 2754 keV (39 
%), where Of, 2f and 4f are the first members of the 24 Mg = + ground state band. At 
higher energies, weaker lines (with relative intensities of 5-10%) are observed, corresponding 
to transitions with E 7 = 3990 keV (6f -> 4+), 3866 keV (3+ -> 2+), 4238 keV (2+ -» 0+) and 
4641 keV (4f — > 2f). The 6f level belongs to the ground state band and the 2f, 3f and 4f 
to the 24 Mg K 71 = 2 + band. As expected we see decays feeding the yrast line of 24 Mg up to 
the 8^~ level at 13.21 MeV (as much as 3 %). The relative intensities of the 7-ray transitions 
given in the last column of Table I are normalized to the 2f — > Of 1368.6 keV transition. 
The 7-ray spectrum shows mainly strong 7-ray transitions between positive-parity states, 
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however rather intense transitions are also observed from negative-parity levels (37 and 5]"). 
The 1683 keV (4j~ — > 37) transition is weaker, with a relative intensity of much less than 
1%. The deformation properties of the 24 Mg nucleus are further discussed in Sec. IV.A. 

B. 20 Ne+ 16 O exit channel 

Figs. 6 and 7 display the Doppler-shift corrected 7-ray spectra for events in coincidence 
with two Z=8 and Z=10 gates (as the one shown for Z=12 in the BP vs E spectrum of Fig. 3) 
defined in both arms of the BRS. Most of the known transitions of both 16 and 20 Ne can be 
identified in the energy range depicted. The six different excitation energy gates displayed 
in Fig. 4 are used to generate the 7-ray spectra shown in Fig. 6 (low-energy transitions) and 
discussed in Sec. IV.B. The 7-ray spectrum (high-energy transitions) of Fig. 7 was triggered 
with the use of the gate labelled (d) for E* > 6.5 MeV. 

Identifications of the most intense 7 rays in 20 Ne is straightforward and their labelling 
are given in Fig. 6. As expected for a-transfer processes involving mutual excitations of 
the binary fragments, we observe decays feeding of the yrast line of the 20 Ne nucleus. Two 
previously unobserved transitions in 16 from the decay of the 3 + state at 11.08 MeV, clearly 
visible in the 7-ray spectrum of Fig. 7, have been identified for the first time (see Fig. 8 
for new partial level scheme). We note that, thanks to the excellent resolving power of the 
EB+BRS set-up, the respective first escape peaks positions (as indicated by the two arrows) 
of the 6.13 MeV, 6.92 MeV and 7.12 MeV 7-ray transitions in 16 are also apparent in this 
spectrum. 

The next step in the analysis is the use of the BRS trigger in order to select the excitation 
energy range by the two-body Q- value (in the 16 O+ 20 Ne channel), and thus allowing us to 
study the region at rather low excitation energies (below and around particle thresholds), 
where 7 decay becomes observable. The two-dimensional angle versus energy spectrum, 
shown in Fig. 4 for the a-transfer channel, allow us to select well defined excitation energy 
(Q-value) regions. We define six different energy regions ranging from the (g.s.) elastic 
and inelastic ( 20 Ne, 2+) transfer (defined as gate (a)) up to highly excited states (namely 
the deep- inelastic gates (e) and (f)). The other gates correspond to energy regions where 
mutual inelastic excitation processes are dominant. The oscillations observed at large angles 
in the "gate [I]" region correpond - as for the 24 Mg+ 12 C exit-channel (not shown) - to the 
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FIG. 7: O high-energy 7-ray specrum produced by the 0+ Ne exit-channel with the gate 
(d) of Fig. 4 (for E* = 10-14 MeV as defined in the text). Doppler-shift corrections have been 
applied for O fragments detected in the BRS. The two arrows show the respective first escape 
peaks positions of the 6.13 MeV and 6.92 MeV 7-ray transitions in 16 0. 
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43|. The 



oscillatory nature of the angular distribution of the a transfer, and indicate t 
of the grazing partial waves 
second (gate (b)) and third (gate (c)) E* regions include mainly the second excited state of 
20 Ne (4j , 4248 keV). The following region (gate (d)) with the largest intensity arises from the 
corresponding mutual excitations with the excitation of the (3~, 6129 keV) collective state 
of 16 O. The last two gates correspond to more and more energy damped collisions (deep- 
inelastic, orbiting 44j and fusion- fission 4lj) with non-oscillatory angular distributions. 

We have also analysed the 12 C+ 12 C coincidences to investigate 12 C- 12 C- 12 C ternary decays 
of 36 Ar. Unfortunately, an accurate out-of-plane correlation could not measured. There- 
fore, the hypothesis of 36 Ar hyperdeformed shapes, predicted by preliminary calculations 
performed in the framework of the generalized liquid-drop model [28], will need further 
experimental investigations with higher selectivity. 
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IV. DISCUSSION 



A. Deformation properties of the Mg nucleus 

The fact that Fig. 5 shows almost exclusively 24 Mg 7-ray transitions between positive- 
parity states, with weaker transitions observed from negative-parity levels (as indicated by 



Table I) has been explained by the specific nature of 24 Mg 56] which, in its ground state, 
has a prolate shape. The 24 Mg nucleus appears to be populated primarily through its first 
two rotational bands, K n = 0+ (2+ (1369 keV), 4+ (4123 KeV), 6^ (8113 keV)) and K*" = 2+ 
(2+ (4236 keV), 3^ (5235 keV), 4+ (6010 keV), 6j (9528 keV)), which are associated with 
stable prolate deformations, according to standard shell-model calculations [(3(3]. In a prior 
measurement at a lower bombarding energy, a selective population of natural-parity states 
has been found to be favored in the 24 Mg+ 12 C orbiting reaction [44J, with a suppression of 
the 3^ (5235 keV) and 5^ (7812 keV) states of the K = 2 band of 24 Mg. In the present data, 
the 3 + state is strongly populated, whereas the 5 + state is moderately populated in sharp 
contrast with the previous experiment [44j. Decays from even higher-energy 6f (8113 keV) 
and Q2 (9528 keV) levels from the K n = + and K 71 " = 2 + bands, respectively, are also 
clearly visible in the spectrum. The selectivity of natural parity states in the 24 Mg+ 12 C 
exit-channel indicated that the orbiting processes, found to have strong yields at 3-4 times 



the Coulomb barrier 



441 ]. are competitive. The rather strong populations of the 3 + and 5 + 



states at E; a b = 130 MeV suggest that the orbiting process has a smaller contribution than 



at lower incident energies. This would be in conflict with the survival o: 
recently measured in the 20 Ne+ 12 C reaction up to = 200 MeV 61 



orbiting-like yields 



62]. 



Although there is an indication of an unknown 7 ray around 5.95 MeV we cannot confirm 



its interpretation as to be the earlier reported lOf — > 8^ 5927 keV transition 571 ] . 

The strong population of a broad peak (most probably due to a number of different states) 
around E x = 10 MeV and states in the non-yrast K = 2 rotational band was observed in 



the 12 C( 12 C,7) radiative capture reaction [20j, [58j at two resonant energies (E c . m . = 6.0 and 



6.8 MeV). On the other hand the population of the observed states which are members of 
the K = 2, does appear to be selectively enhanced in the present experiment. 

It has been shown using the 7-7 coincidences that most of the states of Fig. 5 belong to 
cascades which contain the characteristic 1369 keV 7-ray and pass through the lowest 2 + 
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state in 24 Mg. Still, a number of transitions in the high-energy part of the spectrum (6 MeV - 
9 MeV) have not been clearly identified. The reason why the search for a direct 7 decay 



in 12 C+ 12 C has not been conclusive so far 
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19j is due to the excitation energy in 24 Mg 



as well as the spin region (8h - 12 h) which were probably chosen too high, as in radiative 



capture experiments 



20 



581 ] . for instance. As the situation about 12 C+ 12 C quasimolecular 



resonances is rather complex, future experimental works will have to investigate 10 MeV 
transitions involving low spin (0 or 2H) states. In the case of the break-up reaction, the Ah - 
6h spin region has been reached, however because of poor statistics none of the unplaced 
transitions can be assigned to the intra-band E 2 7-ray expected to be enhanced between 



resonant molecular states 



21 



22 



23]. 



Although charged-particle decays are strongly competitive at high excitation energy, high- 
energy 7-ray transitions in 24 Mg have been found (but with no clear assignement). However, 
the analysis of the 24 Mg+ 12 C exit-channel appears inconclusive as far as the search for the 
intra-band 7-rays is concerned. One should keep in mind that the de-excitation spectra 
can be very different from the excitation ones. Some degrees of freedom can have a major 
role in the excitation mechanism (in matrix elements) whereas they can play a minor one 
in the de-excitation processes, as the de-excitation process may, in fact, be dominated by 
very small components in the wave function. Even if they are strongly excited by some 
open channels (excitation), they can play a very small role in the actual 7-ray spectra we 
see (de-excitation). Since this intra-band 7 ray lies so far from the 24 Mg yrast line it is 
much more difficult to identify this band experimentally than it was for the analoguous SD 
bands in heavier nuclei such as 36 Ar 29J and Ca 30|], for instance. In addition, the actual 
branching ratios may be smaller than the calculations using the a-cluster model 231 ] . 



B. Gamma-ray spectroscopy of the J Ne and e O nuclei 

The first two gates of Fig. 4 with excitation energies of < E* < 3 MeV and 3 < E* 
< 6 MeV, respectively, allow essentially the feeding of the first two excited states of the 
20 Ne yrast g.s. band to be observed, i.e. the 7 rays from 2 + — > + and from 4 + — > 2 + are 
dominant in Fig. 6. When E* is increased by choosing the two E* gates: 10 < E* < 14 MeV 
and E* > 14 MeV, higher-energy states are observed in 20 Ne. Other 7 rays from 21 Ne and 
19 Ne nuclei appear with increasing yields. They correspond respectively to the 2pln multi- 
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FIG. 8: New partial (high-energy) level scheme of 16 corresponding to 7-ray transitions observed 
in Fie. 7. 



4 + 


a ,--;-+ - 
/ 4 
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11. in 

11.08 
10.96 

10.36 



45.4% 



7.16 
-7.12 
- 6.92 



6.1: 



nucleon transfer channel (or a transfer followed by a subsequent neutron evaporation) and 
an transfer channel, respectively. The 5/2 + — > l/2~ transition of 15 corresponds also to a 
multi-nucleon transfer (i.e. 2pln) process. It is also worth noting that feeding of the 20 Ne 
states appears to saturate with increasing E*, since binary decays decrease compared to 
sequential three-body decay channels such as 16 O+ 20 Ne* — > 16 0+ 16 0+<x This saturation 
effect is known to occur for orbiting processes due to an angular momentum limitation as 
evidenced, for example, in 28 Si+ 12 C deep-inelastic collisions [631 ] . 

With appropriate Doppler-shift corrections applied to Oxygen fragments identified in 
the BRS,jt has been possible to extend the knowledge of the level scheme of 16 at high 



energies |5J,]55|,l6J], well above the 12 C+a threshold (7.162 MeV), which is given in Fig. 8 
(dashed line) for the sake of comparison. 

New information has been deduced on branching ratios of the decay of the 3 + state of 



16 at 11.085 MeV ± 3 keV. This state does not a-decay because of non-natural parity [64j, 
in contrast to the two neighbouring 4 + states (at 10.36 MeV and 11.10 MeV, respectively as 
indicated in Fig. 8) to the 2 + state at 6.92 MeV (54.6 ± 2 %). By considering all the four 

19 



possibilities of transitions types of the 3 + state (i.e. Ei and M2 for the 3 + —> 3 transition 
and, Mi and E2 for the 3 + — > 2 + transition), our calculations yield to the conclusion that a 



54. 



55j, 



value for the decay width T 7 is fifty times lower than the one given in the literature 
it means T 3 + < 0.23 eV. This result is important as it is the last known 7-decay level for the 
well studied 16 O nucleus 



can be found elsewhere 



54 



65 



551 ]. Much more details on the gamma-decay width estimates 



66]. 



There is a renew interest in the spectroscopy of the 16 O nucleus at high excitation energy 
i.e. larger than 12 MeV) as shown in Ref. 67J, for instance. Charged particle data 68, 



691 ] have been recently re-analysed to study higher excitation energy 4a states of the O 



nucleus near the 8 Be+ 8 Be (14.619 MeV) and 12 C+a (14.611 MeV) decay thresholds. In 
the framework of the study of Bose-Einstein Condensation (BEC) a-particle state in light 
N=Z nuclei, the experimental signature of BEC in 16 is at present of the highest priority. 
An equivalent a+"Hoyle" state in 12 C is predicted to be the 0g~ state of 16 at about 15.1 
MeV, which energy is just lying (i.e. ~ 700 keV) above the 4a-particle breakup threshold 
7(3] . However, any state in 16 equivalent to the so-called "Hoyle" state in 12 C is most 
certainly going to decay by particle emission, with very small, probably un-measurable 7- 
decay branches. Very efficient particle-detection techniques will have to be used in the near 
future as such BEC states will be expected to decay by alpha emission to the "Hoyle" state, 
and could be associated with resonances in a-particle ineastic scattering on 12 C leading to 
that state, or be observed in a-particle transfer to the 8 Be- 8 Be final state as observed by P. 
Chevallier and coworkers back in the sixties 7l|. Another possibility might be to perform 
Coulomb excitation measurements with intense 16 O beams at intermediate energies. 
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V. CONCLUSION 



The connection of a-clustering, quasimolecular resonances, orbiting phenomena and ex- 
treme deformations (SD, HD, ...) has been discussed in this work by using 7-ray spectroscopy 
of coincident binary fragments from either inelastic excitations and direct transfers (with 
small energy damping and spin transfer) or from orbiting (fully damped) processes 4l[ . Ex- 
clusive data were collected with the Binary Reaction Spetrometer (BRS) in coincidence with 
EUROBALL IV installed formerly at the VIVITRON Tandem facility of Strasbourg. The 
search for the 7-ray decay of a 12 C+ 12 C molecule as populated by projectile breakup 

has been undertaken. The existence of intense high-energy 7-rays in the E x = 10 MeV re- 
gion in 24 Mg* strongly populated in the 24 Mg+ 12 C reaction is found to be of great interest. 
Most of these 7-rays may correspond to the doorway low-spin states recently observed in 
the radiative capture reaction 12 C( 12 C,7) 24 Mg* [2(1 158|. 

The striking selectivity of natural parity states in the 24 Mg+ 12 C exit-channel indicates 
that the orbiting processes dominant in the vicinity of the Coulomb barrier 44J still survives 
at Eiab = 130 MeV. From a careful analysis of the 16 O+ 20 Ne a-transfer exit-channel (strongly 
populated by orbiting) new information has been deduced on branching ratios of the decay 
of the 3 + state of 16 at 11.089 MeV. This result is encouraging for a complete 7-ray 
spectroscopy of the 16 nucleus at high excitation energy. Of particular interest is the quest 
for the corresponding 4a states near the 8 Be+ 8 Be and 12 C+a decay thresholds. 

The occurence of the collinear ternary decay from hyperdeformed shapes of 56 Ni and 
60 Zn nuclei has been also investigated for 36 Ar in the present work, but could not be firmly 
confirmed. However, this hypothesis in accordance with preliminary calculations performed 



in the framework of the generalized liquid-drop model [28( will need further experimental 
investigations with higher selectivity. The search for extremely elongated configurations 
(HD) in rapidly rotating medium-mass nuclei, which has been pursued exclusively using 7- 
ray spectroscopy, will have to be performed in conjunction with charged particle spectroscopy 



in the near future (see 



35, 



36|]). 
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E^ p (keV) 


7-ray transition 


E Le/( keV ) 


I 7 (%) 


1368.6 


2+^0+ 


1368.6 


100 


1683.3 


4 r -> 3r 


9299.8 


0.32 


1771.9 


4 -> 2 2 


6010.3 


2.11 


2576.9 


5+^3+ 


7812.2 


2.11 


2754.0 




4122.9 


39.3 


2869.5 


2+ -> 2+ 

z 2 ^1 


4238.4 


2.98 


3517.0 


6 + ->4+ 


9528.0 


4.50 


3689.0 


(4~,5+) ^4+ 


7812.2 


1.53 


3747.0 


(6+,7-,8+)^6+ 


11860 


1.47 


3866.2 


3 + -2+ 


5235.2 


7.22 


3990.0 


6+ -> 4+ 


8113.0 


6.52 


4238.4 


2+ -> 0+ 


4238.4 


4.96 


4641.2 


4+ - 2+ 


6010.3 


10.2 


5063.2 


0+ -> 2+ 


6432.5 


1.48 


5099.0 


8+ -» 6+ 


13213 


3.17 


5404.0 


6 2 + - 4 


9528.0 


1.13 


5904.2 


sr - 4+ 


10027.9 


1.29 


6246.9 


- 2+ 


7616.5 


1.23 


6988.3 


^2 * 2^ 


8358.1 


0.25 


7069.5 


4+ - 2+ 


8439.3 


0.24 


7347.8 


2+ -> 0+ 


7349.1 


0.89 


7554.0 


ir - o+ 


7555.3 


0.63 


7615.2 


- o+ 


7616.5 


0.10 


7914.3 


2+ - 2+ 


9284.4 


0.27 


8436.8 


i 2 - - 0+ 


8438.4 


0.039 


8990.2 


2+ -» 2+ 


10360.7 


0.075 


9816.5 


(1,2,3) - 2+ 


11187.3 


0.023 



TABLE I: 7-ray transitions observed in coincidence (see Fig. 5) with 24 Mg (Z=12 gate marked in 
Fig. 3). The efficiency corrected 7-ray yields (given by their relative intensities), normalized to 
the 2+ -» 0\ 1368.6 keV transition, are given in the last column. F\ evel is the energy of the initial 
level. 27 



